We have developed Halyos ( http://halyos.gehlenborglab.org ), a visual EHR web application that complements the functionality of existing patient portals. Halyos is designed to integrate with existing EHR systems to help patients interpret their health data. The Halyos application utilizes the SMART on FHIR (Substitutable Medical Applications and Reusable Technologies on Fast Healthcare Interoperability Resources) platform to create an interoperable interface that provides interactive visualizations of clinically validated risk scores and longitudinal data derived from a patient's clinical measurements. These visualizations allow patients to investigate the relationships between clinical measurements and risk over time. By enabling patients to set hypothetical future values for these clinical measurements, patients can see how changes in their health will impact their risks. Using Halyos, patients are provided with the opportunity to actively improve their health based on increased understanding of longitudinal information available in EHRs and to begin a dialogue with their providers.
INTRODUCTION
Patients are gaining greater access to data stored in Electronic Health Records (EHRs) through patient-facing personal health records (PHRs). However, many patients have difficulty understanding their own health information [1] , [2] . Properly aggregating, representing, and explaining these data has great potential to empower patients in making informed decisions about their health, promote preventive care, and reduce burden on physicians by providing patients with an alternate source of personalized, interpretable health information. We introduce Halyos ( Figure 1 ) as a web-based health exploration application that allows patients to explore their health data through clinically validated risk scores for disease, visualize their longitudinal data, and understand how changes in their health (e.g., increased blood pressure) impact their future disease risk scores. Although nearly 90% of hospitals provide the ability for patients to view, download, and transmit health records ( Office of the National Coordinator for Health Information Technology ), they cannot be used effectively if patients struggle to understand the information presented to them [1, 2] . As they exist presently, patient portals do not improve health outcomes, in part due to comprehension barriers [3] . Indeed, many users, especially those with low health literacy [4] , experience difficulty performing tasks related to health interpretation when using PHRs [5] , [6] . Many improvements have been suggested that increase patients' abilities to understand their personal health information more holistically, such as using graphs to track trends in clinical measurements, e.g. blood pressure or blood glucose levels [7] , [8] , [9] .
To reduce comprehension barriers related to the complexity of medical jargon and interpretation of clinical data, we have synthesized patients' clinical data into a single quantifiable value using clinically validated risk scores. For example, the Reynolds risk score [10] , [11] was previously visualized ( https://apps.smarthealthit.org/app/cardiac-risk ) by showing patients their blood test results along with a scale of desirable to high risk of cardiovascular disease. This example displays a patient's cardiac risk in a way that was intended to be more interpretable to those without a medical background. The visualization is able to use a patient's personal data through a secure EHR technology, SMART on FHIR [12] . We complement and expand upon such existing solutions by designing an application that not only presents a patient with their risk scores but also provides details about clinical measurements and external factors (e.g., pollen count) in a comprehensive patient portal that allows a patient to actively engage with their own data. Our application introduces visualizations that allow patients to interpret clinical measurements to improve their health understanding. Further, we have created visualizations of patients' longitudinal data, which gives them the ability to compare their current health risks with their risk in the past and their hypothetical risk in the future. This comparison can provide patients insights into the way their health has changed over time. By creating a resource that allows patients to engage with and explore their health data, we aim to increase patients' understanding of their health, stimulate the use of preventive health services, encourage patients to initiate informed conversations with their physicians, and improve patient outcomes; previous work has shown that PHRs have helped patients become aware of relevant preventative health services and have more effective conversations with their physicians [13] .
METHODS

Risk Scores
Clinical measurements from a sample Fast Health Interoperability Resources (FHIR) ( https://www.hl7.org/fhir/index.html ) data store ( https://fhirtest.uhn.ca/about ) were synthesized. Twenty-eight risk scores were collected from a review of the literature and five were selected (Table 1) to be used for this proof-of-concept, based on their relative applicability to a variety of patients, their clinical validity, and availability of necessary clinical variables available in the sample EHR. Clinical variables (e.g., age, body mass index, blood pressure, etc.) are extracted from the FHIR database, that serves as the proxy for an actual EHR. While these risk scores may not necessarily be relevant to every patient, they demonstrate the broad applicability of our application.
We have included a section in the measurements panel for patients to enter data not conventionally stored accurately in the EHR, such as family history of a certain disease or smoking status, as some risk scores require these data.
Implementation
The design of the user interface was informed by a human-centered design workshop involving patient and clinician input. It was then developed with front-end frameworks, React.js ( https://reactjs.org/ ) and Redux ( https://redux.js.org/ ). There is strong evidence that a clean user interface is valuable, as patient portal usability has been shown to play a role in patient engagement [14] . All data visualization components were built using D3 [15] and custom HTML/JS components which enable the creation of responsive visualizations for patient interaction. The source code of Halyos is available at https://github.com/hms-dbmi/halyos/ .
SMART on FHIR Substitutable Medical Applications and Reusable Technologies (SMART) on Fast Healthcare Interoperability
Resources (FHIR) is a platform that allows 3rd party applications to securely send requests to EHR systems to retrieve patient data [12] . We utilized the SMART on FHIR platform during development to securely enable the integration of personalized patient data.
RESULTS
Risk Scores
When a patient first uses Halyos , the most prominent features are the risk scores located at the top ( Figure 1 , Label 1). Because all measurements required for a risk score may not have been taken at the same time, we calculate present risk scores based on the most recent of each of the measurements required. Upon clicking on a risk score, a section is displayed with more in-depth information ( Figure 1, Label 2) . Here we provide a risk visualization that displays a patient's past, present, and hypothetical future risk score as a pictorial unit chart of 100 dots (Figure 1, Label 3) . A black dot corresponds to one percentage point of the risk score, e.g., 5 dots indicate 5% risk. Dots of smaller size indicate a decrease compared to the patient's present risk score. Dots with an outline indicate an increase compared to the present score. This visualization demonstrates how a patient's risk has changed over time, with particular emphasis on changes from their present value. Pictorial unit charts have been hypothesized to be effective at communicating risks in healthcare settings [16] . By selecting a past date as a point of comparison with their present health, patients can explore how their health has changed over time. To aid with interpretability, only the measurements that contribute to certain risk scores are shown. This filtering allows exploration of the effect of changing the potential future value of their clinical measurements by updating the associated risks as they change their potential future values of relevant clinical measurements.
Clinical Measurements
The bottom left of the dashboard lists a patient's clinical measurements ( Figure 1, Label 4) . It includes the section for patients to enter relevant data that is not typically stored in the EHR. An arrow is included to highlight how clinical measurements have changed since a user-specified past date. Clicking on a measurement reveals a visualization of longitudinal data. This visualization shows the patient's data of the selected clinical measurement over time and includes shading to represent typical reference ranges, as reported in the EHR (Figure 2, Label 1) . Patients can horizontally pan, zoom, and brush the graph to select a time period of interest. The future value is interactively adjustable to help the patient understand the impact of a potential future measurement on various risk scores. Along with this visualization, text is displayed explaining the measurement. For the purpose of this paper, we did not curate audience-appropriate definitions, but this can be done in a clinical setting.
Clinical Measurement Visualization
The patient's ability to select a past date, which is used to find the nearest measurements and calculate "past" risk scores, enables a patient to explore their health data over time. This past date is also displayed on the graph. The measurement used for risk score calculations is displayed as a light blue dot ( Figure 2, Label 2) . Further temporal exploration is enabled by the previously described ability to manipulate future values. These interactions allow patients to understand how clinical measurements impact multiple risk measures. For example, observing a decrease in Reynold's risk score as blood pressure declines builds intuition that blood pressure is important for a healthy cardiovascular system.
Customization
To change or add a new risk score, a clinician would specify a function and indicate (through LOINC codes) which measurements are necessary to calculate it. While Halyos implements five generally applicable risk scores as a proof of concept, the system has been developed to enable the simple addition of more risk scores as long as the risk score-relevant measurements are available in the EHR.
External Data Integration
We used the US Preventive Services Task Force API to integrate suggested preventive care measures customized to a patient's gender and age. These suggestions have been shown to increases patient engagement with PHRs, as well as utilization of these preventive services [17] . A number of other non-EHR data sources are integrated to provide patients with a comprehensive view of their health. Location information is used to determine pollen levels, air quality, and flu cases given a geographical region. Pollen levels are taken from the Accuweather API (https://developer.accuweather.com/), air quality from IQAir (https://airvisual.com/api), and flu cases from Flu Near You by HealthMap [18] . This specific information was chosen to be included based on conclusions from the human-centered design workshop [19] .
DISCUSSION
One of the key contributions of Haylos is the way it presents health data in context, which can potentially lead a patient to a greater understanding of their own health. The temporal aspect of the clinical measurement visualization further contextualizes clinical data, as it allows patients to see changes in health over time. Viewing their past and future disease risks, and the contributing measurements, allows patients to gain an intuition for how certain measurements may impact their health. Our application also allows non-clinical measurements included from external APIs or manually entered data to be used in risk scores, making it powerfully customizable to unique patient populations. Finally, we begin to integrate auxiliary information beyond medical measurements, such as environmental data and custom preventive care suggestions. Unsolved challenges of our current approach include restriction to EHR resources as our only source of patient data. There are important data points not captured within an EHR that can determine the trajectory of a person's health, such as exercise habits, eating habits, and drug use. While we have included a place for user input of relevant non-EHR data, the level of patient engagement remains to be explored. Additionally, since EHR data is not collected at standard intervals, data categorized together as "present" measurements may actually have been measured months apart. While we present the patient with information about how recent a measurement is, risk scores do not factor in these differences; the result of using temporally sparse data may mislead patients. The design of Halyos addresses concerns raised by clinicians and patients in various studies, such as difficulty understanding medical terminology and lack of appropriate visualization [5] [8] . Future work will involve a user study to comprehensively assess the effectiveness of the design and to provide deeper links between data source, such as customizing preventive care suggestions within the context of the environment (e.g., suggesting a user to exercise indoors if outdoor air quality is poor). Developing an administrative user interface would allow clinicians to customize new risk scores to a particular patient. The eventual goal is to integrate Halyos into a live EHR system to test its efficacy in increasing patient health.
CONCLUSION
Our work contributes representations of clinical data that aim to make a patient's health more interpretable through both data synthesis via risk scores and the ability to temporally explore these personalized health data. As tools like SMART on FHIR improve patients' accessibility to their personal health data, it becomes of utmost importance to develop meaningful ways for patients to explore and interact with their health. To this end, we developed Halyos to aggregate and synthesize patient data, and visualize it in a way that encourages exploration. This exploration was designed to allow patients to gain intuition about their health, and stimulate conversation with physicians, resulting in patients making more informed decisions about their care. This work is particularly timely, as interoperability increasingly allows for personalized medicine solutions to easily adapt to a patient's data. Figure 1. (1a, top): Home screen of Halyos. Risk scores are calculated from patient measurements and displayed as percentages (1) . Individual measurement values are displayed under the Measurements section (2) with a detailed view shown in Figure 2 . The dashboard also includes suggestive preventative care and environmental factors affects health risks. (1b, bottom): Expanded risk tile which displays pictorial unit charts representing a patient's past, present, and future risk (3) with a written description of the risk score (4).
Figures and Tables
Figure 2.
Graph of a patient's specific measurement values over time (1) . The horizontal blue line represents the patient selected past date. The blue dot indicates which value is closest to that past date, and therefore which value is being used to calculate the past risk score (2) . The slider on the right allows a patient to manipulate their "future" value, which is used to calculate the future risk score (3). Table 1 . Risk calculators implemented in Halyos.
Disease Referenced Measurements Used
Cardiovascular Disease (Reynolds Risk Score) [20, 21] Gender; Smoker; BP; Cholesteroll; HDL; hsCRP; family history Non-alcoholic fatty liver disease [22] Age; Body Mass Index; Presence of impaired fasting glucose or diabetes; Aspartate aminotransferase/Alanine aminotransferase ratio; Platelet count; Albumin
